Introduction
Anterioposterior (A/P) patterning of the vertebrate limb is controlled by Sonic Hedgehog (Shh). Shh is expressed in the posterior margin of the developing vertebrate limb bud, known as the zone of polarizing activity (ZPA). The secreted Shh is transported away from the ZPA and forms a gradient along the A/P axis of the limb (Riddle et al., 1993) . This Shh protein gradient is thought to determine limb digit number and identity. Consistent with this view, Shh mutant mouse embryos have no digits in the forelimb and lack all but the first digit in the hind limb (Chiang et al., 2001 (Chiang et al., , 1996 Kraus et al., 2001) . Conversely, either the graft of ZPA, or implantation of cells expressing Shh or a Sepharose bead soaked in Shh to the anterior region of chicken limb buds produces mirror-image duplicated limb digits (Lopez-Martinez et al., 1995; Riddle et al., 1993; Yang et al., 1997) .
In vertebrates, Shh signaling is mediated by three Gli transcriptional factors: Gli1, Gli2, and Gli3. In the absence of Hh signaling, the majority of Gli3 full-length protein, Gli3 FL , is proteolytically processed into a C-terminally truncated repressor, Gli3 R , whereas only a small fraction of Gli2 full-length protein, Gli2 FL , is processed into a repressor, Gli2 R (Pan et al., 2006; Wang et al., 2000) . Both
Gli2 and Gli3 processing is triggered by the phosphorylation of four serine/threonine residues at their C-termini by protein kinase A (PKA). Shh signaling suppresses Gli2 and Gli3 processing and converts them into activators, Gli2 A and Gli3 A , in a concentrationdependent manner (Tempe et al., 2006; Wang and Li, 2006) . Thus, in the developing vertebrate limbs, Gli3 R levels, presumably as well as Gli2 R levels, are graded from the highest in the anterior to the lowest in the posterior, while Gli3 A and Gli2 A levels or activities form a reverse gradient along the A/P axis (Wang et al., 2000) . Perturbation of Gli3 A and/or Gli3 R gradients results in abnormal limb patterning (Wang et al., 2007a (Wang et al., , 2007b . Gli1 gene function is dispensable for mouse embryogenesis (Park et al., 2000) . Despite severe defects in central nervous system patterning, mice homozygous for Gli2 null mutation exhibit normal limb patterning (Ding et al., 1998; Matise et al., 1998; Mo et al., 1997) . In contrast, mice homozygous for a Gli3 null mutant allele, Extratoe or Gli3 Xt , are characterized by polysyndactylous and abnormal craniofacial phenotypes (Hui and Joyner, 1993) . Several mutations in the human Gli3 gene are also Developmental Biology associated with various defects in limb patterning (Biesecker, 1997; Vortkamp et al., 1991) . Interestingly, mice lacking both Gli3 and Shh gene functions exhibit limb phenotypes indistinguishable from those of mice lacking Gli3 gene function alone (Litingtung et al., 2002; te Welscher et al., 2002b Gli3 repressor, display limbs with four to six digits (Hill et al., 2009; Wang et al., 2007a) . However, the interpretation of Gli3 Δ699 mutant limb phenotypes requires caution. The Gli3 Δ699 expresses a fusion protein containing the first 699 amino acid residues of the Gli3 protein and extra 21 residues from the thymidine kinase (TK) gene sequence used for generating the mutant allele (Bose et al., 2002) . Thus, it is possible that the repressing activity of Gli3
Δ699
protein may not be as potent as that of the natural Gli3 R . By design,
Gli3
Δ699 mutant may also potentially express more than one protein product, and insertion of the pGKneo cassette may affect the levels of Gli3 gene expression. Therefore, it remains to be determined whether Shh does in fact pattern the A/P limb by inhibiting generation of Gli3 R .
To address this important question, we generated a conditional Gli3 repressor mutant allele called Gli3 Δ701C (see below). This allele is likely to be 'cleaner' than the Gli3 Δ699 allele, since it expresses a predicted Gli3 R and does not contain the pGKneo cassette initially used for gene targeting. When bred with transgenic animals expressing Cre in the developing limbs, mice heterozygous for Gli3 Δ701C displayed oligosyndactylous phenotypes in both the forelimbs and hindlimbs. Surprisingly, Gli3
Δ701C
homozygous forelimb autopods expressing only the Gli3
Δ701
repressor failed to generate any digits, and they instead presented with a single distal cartilage element. Meanwhile the mutant hindlimb autopods were composed of three digits due to inefficient Cre expression (see explanation below). Thus, the mutant forelimb phenotypes resemble those of the Shh mutant. In addition, in situ hybridization analysis revealed that the expression of several known limb-patterning genes dependent on Shh was inhibited in the Gli3 Δ701 mutant limb, similar to that of the Shh mutant. Therefore, these results indicate that Shh mutant limb phenotype results from the expression of Gli3 R , which supports the hypothesis that Shh directs A/P limb patterning by inhibiting Gli3 R generation.
Materials and methods
Mouse strains and the generation of Gli3 Δ701C mutant mice A BAC clone containing mouse Gli3 genomic DNA sequences was purchased from Genome Systems Inc, UK. The Gli3
Δ701C
targeting construct was generated by using the relevant Gli3 genomic sequence from the BAC clone and the pGKneo2frt.loxP. DTA.2 vector, which was constructed from the pGKneoloxP2.DTA.2 vector (Soriano, 1997) . The Gli3 Δ701C targeting construct included the pGKneo2frt.loxP cassette and a loxP site inserted into the two introns flanking exon 14 of the mouse Gli3 gene. The Gli3
construct was then introduced into W4 ES cells (Taconic Farms, Inc.) (Auerbach et al., 2000) by electroporation, and neomycinresistant clones were selected by incubating cells in ES cell growth medium containing G418 (150 μg/ml). Targeted ES cell clones were identified by restriction enzyme digestion, followed by Southern blot analysis of ES cell DNA using a 5′ and a 3′ probes. The 5′ probe identified a 7.7 kb fragment in the targeted allele and a 5.9 kb fragment in the wild type (wt) allele following EcoRV digestion. The 3′ probe identified a 7.9 kb fragment in the targeted allele and a 5.4 kb fragment in the wt allele following BglII digestion. Several targeted clones were obtained, two of which were injected into C57BL/6 blastocysts to generate chimeric founders. These mice were then bred with C57BL/6 to establish F1 Gli3
(+neo) heterozygotes. The pGKneo cassette was removed by breeding the mice with Actin-Flpe transgenic mice (obtained from Licia Selleri). This resulted in the Gli3 Δ701C allele used in this study.
Polymerase chain reaction (PCR) analysis was used for routine genotyping with the following primers: BW892F, 5′-AATG-GAATGTTTCCAAGACTG-3′, and BW892R, 5′-ATAAAACCAAGGGTTC-CAGATC-3′, each of which flanks the second loxP site. The predicted size of the PCR fragments was 180 bp for the wt allele and about 250 bp for the mutant. Shh and Gli3 Δ699 mutant mice were originally obtained from Philip Beachy and Ulrich Ruther, respectively, and Prx1-Cre mice were purchased from Jackson laboratories and genotyped as described (Bose et al., 2002; Chiang et al., 1996; Logan et al., 2002) . All mice used in this study were in a 129sve and C57BL/6 mixed background and were manipulated according to NIH regulation.
Immunoblotting, whole mount in situ hybridization, and skeleton preparation
Immunoblotting was performed using the Gli3 antibody, which recognizes Gli3-396-495aa, as described (Wang et al., 2000) . Whole mount in situ hybridization was carried out according to a published protocol (Wilkinson, 1992) , and the skeletons were prepared as described (Nagy et al., 2003) .
Results and discussion

Generation of a conditional Gli3 mutant allele expressing only the Gli3 repressor
Based on the hypothesis that the counteraction between Shh and Gli3 controls A/P limb patterning, one would predict that mouse limbs expressing only the Gli3 R should exhibit phenotypes that resemble those of Shh mutant limbs, that is, either a single or no digit. Unexpectedly, Gli3 Δ699 mutant mice, which are thought to express a Gli3 repressor, exhibit variably four to six digits (Hill et al., 2009; Wang et al., 2007b) . To clarify this controversy, we used a targeted gene knock-in approach to create the conditional Gli3 Δ701C mutant allele, in which exon 14 of the Gli3 gene is flanked by two loxP sites in introns (Fig. 1A, B) . Thus, exon 14 is deleted only in the presence of Cre protein, causing a reading frame shift expected to result in premature termination of protein translation. Consequently, the protein product of the mutant allele is expected to contain the first 701 residues of Gli3 protein and additional 25 artificial residues (Fig. 1C ).
To test whether the mutant allele worked as designed, the Gli3 Δ701C mutant mice were crossed with Prx1-Cre transgenic mice, which express Cre protein in developing limbs and craniofacial areas and has been widely used for the study of limb patterning (Kmita et al., 2005; Logan et al., 2002) . Exon 14 of the Gli3 gene was therefore deleted in the Cre-expressing tissues of the resulting Gli3 Δ701C⧸Δ701C ; Prx1-Cre mice, hereafter referred to as Gli3
. Limb buds were then collected from Gli3 Δ701/Δ701 and wild type (wt) mouse embryos at stage E10.5 and subjected to immunoblotting analysis using a Gli3 antibody (Wang et al., 2000) . As expected, while the wt limb buds expressed both Gli3 FL and Gli3 R , the mutant limb buds expressed only a Gli3 repressor slightly larger than the Gli3 R in size and is designated as Gli3
Δ701
( Fig.1D) . Therefore, the Gli3 Δ701C allele behaved as designed.
Gli3
+/Δ701 mutant limb phenotypes Adult mice homozygous for Gli3 Δ701C were alive, fertile, and without any noticeable abnormal phenotypes. These mice were crossed with Prx1-Cre transgenic mice to produce Gli3 +/Δ701C ; Prx1-Cre animals, hereafter referred to as Gli3 +/Δ701 . Surprisingly,
+/Δ701 forelimbs were significantly shorter with consistently smaller autopods than those of wt or Gli3 Δ701C⧸Δ701C mice. The digits appeared fused (or syndactylous) and shorter, making it difficult to accurately determine digit number. Unlike the forelimb autopods, the hindlimb autopods of about half of the Gli3
mice (16 out of 30) were normal, and the other half exhibited fused digits. No significant changes in the hindlimb length were noticed ( Fig. 2A) . These adult limb phenotypes were also found in E16.5 or older mouse embryos (Fig. 2B) . The difference between forelimb and hindlimb phenotypes is unlikely to be caused by differential dependencies on Gli3 function, but rather by the differential Cre expression. It has been shown that Cre expression in the forelimbs of Prx1-Cre embryos begins to strengthen at E9.5 and is detected throughout the mesenchymal cells at this stage onward. However, Cre expression in the hindlimb buds of E9.5 embryos is barely detectable. By 10.5, weak expression is only ; Prx1-Cre embryos and immunoblotted with a Gli3 antibody, with α−tubulin as a loading control. Gli3 FL , Gli3 R , and Gli3 Δ701 are indicated by arrows, with molecular weight markers to the right.
detected in some of mesenchymal cells. By E11.5 and onward, Cre expression is increased and detected throughout mesenchymal cells (Logan et al., 2002) . To determine the digit number and patterning of Gli3
limbs, the skeletons of mouse embryos at E16.5 (n ¼4) were prepared and analyzed in order to match developmental stages of Shh mutants (see below). As predicted, the Gli3 +/Δ701 mutant forelimb autopods were much smaller than those of wt animals. Digit number varied from three to five, some of which were fused. Most, if not all of the digits, were identifiable. Ossification was barely noticeable as digits were made up of cartilage. In addition, the forelimb zeugopod elements, the radius and ulna, were bent and much shorter than those of wt. Similarly, both the distal scapula and humerus appeared slightly shorter than those of wt (Fig. 3, compare C, E, G to A). On the other hand, the hindlimb autopods of about half of Gli3 +/Δ701 mice (2 out of 5) were normal, and the rest exhibited three to five digits, some of which were fused or partial. The femur, tibia, and fibula of Gli3 +/Δ701 embryos were all slightly shorter than those of wt, but their patterning appeared normal (Fig. 3, compare D, F, H to B) .
The severe limb phenotypes of Gli3 +/Δ701 mice were unexpected, since mice heterozygous for Gli3 Δ699 , which are also thought to express a Gli3 repressor form, are generally normal (Bose et al., 2002 , but rather the first 744 amino acid residues of Gli3 plus some sequence from the cassette (Bose et al., 2002) . Therefore, the Gli3 Δ699 allele may express not only Gli3 Δ699 that has been determined but also Gli3 Δ744 , which has not been determined. 
Δ701/Δ701 mice. All but two Gli3 Δ701/Δ701 animals died before or immediately after birth. The lethality is likely to be attributed to the expression of Prx1-Cre transgene in tissues not in the limb such as those in the craniofacial region (Logan et al., 2002) and/or the mutant newborns' inability to compete with their littermates for milk. The two that survived had extremely short limbs with a single digit in the forelimbs and one or three digits in the hindlimbs (data not shown). Similar limb phenotypes were also consistently observed in all embryos collected during late gestation stages. We thus decided to collect and prepare the skeletons of E16.5 embryos. This stage was also chosen because Shh mutant embryos, the control, die at various late gestation stages. Gli3 Δ701/Δ701 mutant forelimbs were consistently very short without obvious digit structure, regardless of the age of the embryos and newborns. The hindlimbs were also short, though not as significantly as the forelimbs. Most hindlimbs appeared to exhibit three digits, or occasionally only one (Fig. 2B , data not shown, n ¼20). Analysis of limb skeletons confirmed these findings (n ¼4). The forelimb autopods lacked all digits and were instead characterized by a single cartilage element. A single zeugopod element replaced the radius and ulna structures. All forelimb bone elements (the scapula, humerus, zeugopod, and autopods) were significantly shorter than those of wt. Surprisingly,
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Gli3 +/Δ701 Gli3 Δ701C/Δ701C 
WT
, Gli3
Δ699 , and Shh mutant limbs. Skeletons were prepared from E16.5 embryos. The right limbs are shown with the anterior at the top and posterior at the bottom. Genotypes are indicated to the left, and Gli3 +/Δ701 and Gli3 Δ701/Δ701 are referred to as Gli3 +/Δ701C ; Prx1-Cre and Gli3 Δ701/Δ701 ; Prx1-Cre, respectively. In Gli3 Δ701 heterozygous limbs (C, E, G), the scapula (sc) is slightly shorter than that of wt limbs (A), and the radius (ra) and ulna (ul) are much shorter and bent.
The femur (fe), tibia (ti), and fibula (fi) are also significantly shorter (compare D, F, H to B). Digit number in both the forelimbs and hindlimbs varies, and syndactyly is often found in the forelimbs. Forelimb autopods (au) often lack ossification (red). All bone elements of Gli3 Δ701 homozygous forelimbs (I) are much shorter than those of Shh mutant forelimbs (K). The forelimb zeugopod (zg) and autopod are presented by a single bone element and cartilage (blue), respectively. All bone structures of Gli3
Δ701
homozygous hindlimbs (J) are much or slightly shorter than those of wt (B) or Shh mutant (L) hindlimbs, respectively. The tibia and fibula are formed. Digit number varies from one to four. The autopod lacks ossification. The Shh mutant forelimb has a single zeugopod element and a single autopod cartilage element. The hindlimb zeugopod is presented by a single small cartilage with a single digit. The forelimb autopods of Gli3 Δ699/Δ699 mice exhibit an additional digit and lack ossification (M). The tibia is significantly shorter (N). Sc, scapula; hu, humerus; pg, pelvic girdle; number, digit identity. Scale bars for forelimb and hindlimbs are shown.
they were also slightly shorter than those of Shh mutants. These phenotypes may potentially arise from an additional loss of Indian Hedgehog (Ihh) function (Karp et al., 2000) . Although the length of the forelimb skeletal elements varied slightly depending on each individual, the pattern was invariable (Fig. 3I) . Interestingly, the Gli3 Δ701/Δ701 forelimb skeletal phenotypes resembled those of Shh mutant forelimbs (Fig. 3 , compare I to K). The hindlimb phenotypes were more variable than those of the forelimb. This was most likely due to low levels of Cre in the hindlimbs, as previously reported (Logan et al., 2002) . Most hindlimb autopods examined exhibited three identifiable first digits (Fig. 2B) . Similarly, most Gli3 Δ701/Δ701 hindlimb zeugopods and femurs were composed of very short tibia and fibula (Fig. 3J ). Although these hindlimb phenotypes were not the same as those of Shh mutants 
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, and Shh mutant limb buds. Whole mount in situ hybridization of E10.5 mouse embryos was performed with riboprobes corresponding to the indicated genes (left). The right limb buds are shown with the anterior at the top and posterior at the bottom. Compared to that in wt limb buds (A1-G1), the expression of the Gli1, Ptch1, Fgf4, Grem, Hand2, Hoxd11, and Hoxd13 genes is reduced in Gli3 +/Δ701 limb buds (A2-G2) or not detected in both Gli3 due to the nature of Prx1-Cre, they did share a somewhat similar patterning (Fig. 3 , compare J to L). In contrast, forelimb patterning of Gli3 Δ699/Δ699 mutants was largely normal, except for an additional fused digit and a lack of ossification. Hindlimb digit patterning was also normal, although the tibia was significantly shorter (Fig. 3M, N) . Thus, Gli3 Δ699/Δ699 limb phenotypes are significantly milder than those of Gli3 Δ701/Δ701 mutants. Taken together, these results strongly indicate that Shh mutant limb phenotypes are the result of expression of Gli3 repressor in the mutant limbs, thus supporting the hypothesis that the balanced counteraction between Gli3 repressor and Shh activity controls A/P patterning.
The molecular basis of Gli3 Δ701 mutant limb phenotypes
To understand the molecular basis of Gli3 Δ701 limb phenotypes, we analyzed the expression of several genes related to limb patterning. Since Prx1-Cre expresses Cre protein more efficiently in the forelimbs (Logan et al., 2002) , our study focused on only the forelimbs of E10.5 mouse embryos (n¼3 for the following whole mount in situ hybridizations). Gli1 and Patched1 (Ptch1) are two direct Gli targets and are normally expressed in the posterior region of the developing limbs (Goodrich et al., 1996; Marigo et al., 1996) . In situ hybridization analysis showed that both Gli1 and Ptch1 expression was reduced in Gli3 +/Δ701 mouse limbs and not detected in both
Gli3
Δ701/Δ701 and Shh mutant limbs. These results confirm that
Δ701 is indeed a potent transcriptional repressor (Fig. 4As, Bs) .
Proximodistal limb outgrowth requires fibroblast growth factor gene (Fgf) signals, and Fgf4 expression is restricted to the posterior two-thirds of the apical ridge (Martin, 1998) . Shh maintains expression of Fgf4 by regulating that of the Gremlin (Grem) gene (Zuniga et al., 1999) . In the Gli3 +/Δ701 limb buds, Fgf4 expression in the apical ectodermal ridge (AER) was slightly weaker and more posteriorly restricted as compared to wt. Its expression in both Gli3 Δ701/Δ701 and Shh mutant limbs was undetectable (Fig. 4Cs) .
Similarly, Grem expression was significantly reduced in the Gli3
+/
Δ701 mutant limbs and undetected in both Gli3 Δ701/Δ701 and Shh mutant limbs (Fig. 4Ds) . These results may explain why both Gli3 Δ701 and Shh mutant limbs were significantly shorter than those of wt. The Hand2 basic helix-loop-helix transcription factor is normally expressed in the posterior region of mouse limb buds, and its expression is restricted by Gli3 R (te Welscher et al., 2002a) . As predicted, the Hand2 expression domain in Gli3 +/Δ701 limb buds was smaller than that in wt, while its expression in Gli3
and Shh mutant limb buds was inhibited (Fig. 4Es) . 3′-Hoxd genes are essential for autopod patterning (Zakany and Duboule, 1999) . The expression of both Hoxd11 and Hoxd13 is posteriorly restricted in wt mouse limb buds, as it is stimulated by Shh signaling but inhibited by Gli3 R . Consistent with the patterning of Gli3 Δ701 and Gli3 Δ699 mutant limbs, the expression of both Hoxd11 and Hoxd13 was markedly reduced in Gli3 +/Δ701 limb buds, slightly lower in Gli3 Δ699/Δ699 limb buds, or undetectable in both
Gli3
Δ701/Δ701 and Shh mutant limb buds (Fig. 4Fs, Gs) . Taken together, these results indicate that Gli3 Δ701 can effectively suppress expression of the patterning genes examined in the developing limbs and its repressing activity is greater than that of Gli3
Δ699
. The fact that expression of these genes is inhibited in both Gli3 Δ701/Δ701 and Shh −/− limbs demonstrates that Gli3
Δ701
repressing activity is likely to be similar to the net wt Gli3 transcriptional activity in the Shh mutant. A previous study showed ectopic Shh expression in the anterior region of Gli3 null mutant limbs (Buscher et al., 1997) , suggesting that Gli3 can inhibit Shh expression. This raises the possibility that expression of the above Shh-dependent genes in Gli3
limbs was indirectly inhibited through the inhibition of Shh expression. To rule out this possibility, Shh expression in Gli3 Δ701 mutant limbs was investigated. As in wt, Shh expression in both Gli3 +/Δ701 and Gli3 Δ701/Δ701 limbs was unaffected (Fig. 4Hs) . Thus, the Gli3 Δ701 repressor can inhibit expression of these limb patterning genes independently of Shh expression. Two previous studies showed that Gli3 null mutant limb phenotypes resemble those of Gli3 and Shh double mutants (Litingtung et al., 2002; te Welscher et al., 2002b) . This finding supports the hypothesis that Shh patterns limb by inhibiting the generation of the Gli3 repressor and that the balanced counteraction between Gli3 and Shh controls A/P limb patterning. Based on this hypothesis, mice expressing only the Gli3 repressor are expected to exhibit limb phenotypes resembling those of mice lacking Shh expression. Surprisingly, previous studies using the Gli3 Δ699 mutant allele did not show that this was the case (Hill et al., 2009; Wang et al., 2007b) . Because of the caveat of this allele, the hypothesis that Shh patterns A/P limb by inhibiting Gli3 repressor generation needs to be reevaluated. In the present study, we created a "cleaner" Gli3 Δ701 mutant allele that conditionally expresses the
Gli3 repressor. We demonstrate that mouse limbs homozygous for Gli3 Δ701 indeed exhibit phenotypes that resemble those of Shh mutant limbs (Figs. 2 and 3 ). Our observations that the expression of each Shh-dependent gene examined is also inhibited in Gli3
mouse limbs further support this finding. In addition, the effect of Gli3 Δ701 repressor on limb patterning is independent of Shh expression, as Shh remains expressed in Gli3 Δ701 mutant limbs (Fig. 4) . Furthermore, a comparison of both limb digit patterning and Hoxd11 and Hoxd13 expression between Gli3 Δ701 and Gli3
Δ699
mutants indicates that Gli3 Δ701 is more potent than Gli3
. Therefore, our study strongly supports that A/P limb patterning is controlled by the antagonistic interaction between Shh and Gli3.
We previously showed that the ratio of Gli3 A to Gli3 R determines limb digit patterning and Shh signaling patterns A/P limbs by inhibiting Gli3 processing and creating the Gli3 A /Gli3 R ratio gradient (Wang et al., 2000 (Wang et al., , 2007b . In the Gli3 +/Δ701 limbs, the mutant allele expresses only a repressor, while the wt allele produces normal Gli3 protein, which consists of both Gli3 A and Gli3 R . Since the Gli3 Δ701 repressor is not regulated by Shh, the Gli3 A /Gli3 R ratio gradient must be disrupted in Gli3 +/Δ701 mutant limbs. This is likely to be the mechanism underlying Gli3 +/Δ701 mutant limb phenotypes. It is worth noting that findings from this and previous studies do not rule out the potential involvement of Gli2 in limb patterning, although the Gli2 null mutant does not exhibit defects in limb patterning (Mo et al., 1997) . It is conceivable that the role of Gli2 R in limb patterning is masked by Gli3 R or is too small to be significant, as Gli2 FL is not efficiently processed into Gli2 R (Pan et al., 2006) . The role of Gli2 A in posterior limb patterning has recently been reported (Bowers et al. 2012) . However, since the Gli3 plays a predominant role in limb patterning, the role of both Gli2 A and Gli2 R in limb patterning is likely to be masked by that of Gli3 and becomes noticeable only in the Gli3 mutant background. Therefore, it appears that the role of Gli2 in limb patterning is relatively small. This explains why expression of Gli3 repressor alone is sufficient to produce the defective limb phenotypes reminiscent of those of the Shh mutant. Thus, the results of this and previous studies further support the hypothesis that the balanced counteraction between Gli3 and Shh is sufficient to direct A/P limb patterning.
